ABSTRACT: Paleoredox indicators were used to assess the depositional environment of the Permian Irati Formation, and discuss the controls on the accumulation of organic-rich sediments. Geochemical data were measured for 43 drill-core samples in southern Paraná Basin. We infer that redox boundary was located at the sediment-water interface during the accumulation of these sediments. Trace-element data demonstrate that Irati shales were similar to average shales, except during deposition of two organic-rich beds in which U and Mo are enriched, suggesting fully anoxic conditions. The variable degree of oxygenation of bottom waters is also attested by DOP T , Fe T /Al, and sedimentological indicators of episodic ventilation. DOP T and Fe and S correlation points to an iron-limited environment, where the main sulfur sink is organic matter rather than pyrite. Cu and Cu/Mo ratio suggests bottom-water anoxia driven by increased organic flux. The Irati Formation was probably deposited in a salinity-stratified body of water, with positive water balance. The main control on the accumulation of the organic-rich sediments was the high organic carbon flux resultant from high primary productivity in surface waters. Anoxia arose as a consequence of increased productivity, not as the primary driver in the formation of these organic-rich rocks.
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RESUMO: Indicadores da paleo-condição redox foram utilizados para interpretar o ambiente deposicional da Formação Irati (Permiano) e discutir os controles na acumulação de sedimentos ricos em matéria orgânica. Os dados geoquímicos foram obtidos em 43 amostras de quatro testemunhos de sondagem de poços da Bacia do Paraná no Sul do Brasil. A interpretação desses dados permitiu inferir que a interface redox normalmente coincidia com a interface água-sedimentos durante a acumulação desses sedimentos. Dados de elementos-traços demonstram que os folhelhos da Formação

INTRODUCTION
Understanding the depositional settings of organic-rich sediments in the geological record is crucial to reconstructing the paleoclimate and paleohydrology of ancient sedimentary basins and in the prediction of the occurrence of oil source rocks (Demaison and Moore 1980 , Calvert and Pedersen 1992 , Arthur and Sageman 1994 , Canfield 1994 , Sladen 1994 , Ganeshram et al. 1999 , Carroll and Bohacs 2001 , Sageman et al. 2003 . In order to assess the physical-chemical conditions of ancient bodies of water (degree of oxygenation, salinity, and stratification of the water column) and thus draw a more complete picture of the primary controls on the accumulation of organics in fine-grained sediments, a variety of paleontological, sedimentological, and geochemical indicators has been used, including the degree of bioturbation, the presence of lamination, the absence of benthic fauna (e.g. Rhoads and Morse 1971 , Ekdale and Mason 1988 , Wignall and Myers 1988 , Raiswell et al. 1988 , Hatch and Leventhal 1992 , Calvert and Pedersen 1993 , Arthur and Sageman 1994 , Sageman et al. 2003 , as well as geochemical tests using biomarkers, stable isotopes, and trace elements (e.g. Meyers et al. 2005 , Lyons and Severmann 2006 , Tribovillard et al. 2006 , Brumsack 2006 , Arnaboldi and Meyers 2007 , Lehmann et al. 2007 , Algeo and Maynard 2008 , Huang et al. 2011 , Trabucho-Alexandre et al. 2012 , Pi et al. 2013 .
The ongoing debate about the critical factor in the accumulation of organic matter involves, on one hand, bottom-water anoxia, leading to preferential preservation of organic carbon (e.g. Demaison and Moore 1980) , and, on the other hand, increased organic flux to the sea floor as a consequence of high primary productivity, with redox boundary at the sediment-water interface (e.g. Meyers 2006 , Arnaboldi and Meyers 2007 , Trabucho-Alexandre et al. 2012 . In the first case, hydrographic factors lead to the development of watercolumn anoxia in a basin, e.g., an enclosed basin with positive water balance, coastal upwelling, or a deep basin with an oxygen minimum zone (Arthur and Sageman 1994) . In the latter, anoxia would be a consequence of the increased organic flux (Gallego-Torres et al. 2007 , Goldberg et al. 2007 , Joachimski et al. 2001 , Kakuwa 2008 , Berrocoso et al. 2010 , Reolid et al. 2012 , Stein et al. 2012 , Xiong et al. 2012 . The redox classification of the depositional environments adopted here is that of Tyson and Pearson (1991) . Oxic environments are where oxygen concentration is greater than 2 ml O 2 /l H 2 O in bottom waters, suboxic, between 2 and 0.2 ml O 2 /l H 2 O, and anoxic, where there is less than 0.2 ml O 2 /l H 2 O and no free H 2 S in the water column. Euxinic waters are defined as having O 2 concentration equals to zero and free H 2 S in the water column.
Redox-sensitive elements (e.g., V, Fe, Mn, Mo, U) are those elements that geochemically behave differently under oxic and anoxic conditions due to changes in the solubility of their oxyanions (Morford et al. 2005) . The differential response of these elements to redox conditions enables their use for inferring the degree of oxygenation of the water where these sediments form. Redox-sensitive trace metals such as V, Cr, Ni, Cu, Zn, Mo, Cd, and U tend to be more soluble under oxidizing conditions and less soluble under reducing conditions, resulting in authigenic enrichments in oxygen-depleted sedimentary facies (Tribovillard et al. 2006) . The removal of these metals from seawater as sulfides (Ni, Zn, Cu, Mo, Cd) or oxides/oxyhydroxides (V, Cr, Mo, U) under anoxic conditions results in enrichments of several orders of magnitude above detrital values in the mudrocks (Calvert and Pedersen 1993 , Crusius et al. 1996 , Morford and Emerson 1999 , Tribovillard et al. 2006 , Arnaboldi and Meyers 2007 , Algeo and Maynard 2008 . The combined use of U, V, and Mo enrichments may allow the distinction between suboxic from anoxic-euxinic environments. These elements are more strongly enriched in anoxic-euxinic settings, with weaker covariation with total organic carbon (TOC) than in suboxic settings (Tribovillard et al. 2006) . Mo has been widely used in paleoceanographic studies as a redox proxy (e.g., Emerson and Huested 1991 , Jones and Manning 1994 , Crusius et al. 1999 , Morford et al. 2001 , Piper and Dean 2002 , Algeo et al. 2004 .
Ni and Cu are good proxies for organic carbon sinking flux (paleoproductivity), and may be used to determine whether bottom-water oxygenation and/or organic matter flux was the primary control on the development of reducing conditions (Tribovillard et al. 2006) . Enrichments in U, V and Mo suggest anoxic bottom waters. If enrichments in these metals are also coupled with enrichments in Ni and Cu, anoxia is accompanied by a high organic flux. Fe can be enriched under anoxic conditions through the precipitation as pyrite (Algeo and Maynard 2008) .
The degree of pyritization of iron (DOP) has been proposed as a paleoenvironmental indicator of bottom-water oxygenation (Raiswell et al. 1988) . It is defined as the ratio between pyrite-bound iron and total iron (DOP=Fe py /Fe total ), where total Fe is the sum of pyritic Fe and HCl-soluble Fe (derived from detrital clays and oxides). In anoxic settings, pyrite formation is enhanced by organic content and efficient bacterial sulfate reduction, yielding high DOP values (Raiswell et al. 1988) . Under normal oxic seawater conditions, pyrite can be formed below the sediment-water interface. However, pyrite formation is inhibited by the oxidation of organic matter, which inhibits bacterial sulfate reduction and thus the formation of H 2 S. Moreover, preservation of the pyrite formed is difficult due to the intense bioturbation of the sediments by bottom dwellers and oxidation of pyrite to Fe oxides. For these reasons, DOP values are typically low in oxic settings (Raiswell et al. 1988) . DOP T is the ratio of pyrite Fe (based on total S) to total Fe (Algeo and Maynard 2008) . This index can be used in place of true DOP, if pyrite S composes the bulk of total S and reactive Fe composes the bulk of total Fe. DOP T values for aerobic conditions are typically less than 0.3, for restricted conditions, between 0.3 and 0.6, and for inhospitable conditions, DOP T is usually greater than 0.6 (Algeo and Maynard 2008) . Lyons and Severmann (2006) established that the ratio of Fe T /Al is an unambiguous recorder of paleoredox conditions. High Fe T /Al and high DOP are the most faithful indicators of euxinia. Fe T /Al less than 0.5 and DOP less than 0.2-0.3 suggest oxic-suboxic conditions, whereas Fe T /Al greater than 0.5 and DOP greater than 0.6 point to euxinic conditions (Lyons and Severmann 2006) . Intermediate DOP could be due to reducing conditions in pore waters beneath oxygenated bottom waters, or euxinic deposition at sites with high sedimentation rates.
The Irati black shales in the Paraná Basin comprise oil source rocks and a widespread marker across Gondwanan basins (Oelofsen 1987 , França et al. 1995 . Here, we report redox-sensitive elements, C isotopes, TOC, and sulfur content in the Permian Irati Formation, and use paleoredox proxies such as enrichment factor (EF), DOP T , and Fe T /Al to assess the depositional environment of these shales and discuss the environmental controls on the accumulation of organic-rich sediments in the context of other geological evidence. These are relevant issues because the Irati oil shales have large potential for economic development in Brazil due to their accessibility, grade, and widespread distribution.
SAMPLES AND ANALYTICAL METHODS
Geological setting and sampling
The intracratonic Paraná Basin is the South American extension of a larger Permian basin developed in the interior of Gondwana (Fig. 1a) (Milani et al. 1994 (Milani et al. , 1998 (Milani et al. , 2007 . The Permian in the Paraná Basin comprises seven third-order sequences that recount the oscillations of relative sea level (Goldberg 2001) . During the Early Permian, such oscillations were driven initially by the advance and retreat of glaciers (sequences 1 and 2), succeeded by base level shifts due to isostatic rebound (sequence 3), tectonic reactivation (sequences 4 and 5), and continuous subsidence of the basin, leading to a relative sea level rise in the Middle Permian (Fig. 2) . A monotonic relative sea level fall and consequent continentalization of the basin followed (sequences 6 and 7), as a result of the combined effects of basin filling and climate change in the Late Permian and Early Triassic.
The black shales of the Permian Irati Formation in the Paraná Basin were deposited within the interval of maximum transgression of a second-order depositional sequence, under low sedimentation rates (Fig. 2) . In addition to the oil shales, the Irati Formation also comprises carbonates and non-bituminous shales and claystones. SHRIMP zircon age dating from bentonitic tuffs intercalated with the Irati black shales yielded an age of 278.4±2.2 Ma (Santos et al. 2006) , placing the Irati Formation in the Lower Permian (Artinskian). mm-scale laminae to meter-thick beds. Black shales consist of saponite or saponite-talc mixed layers, talc, lizardite, nontronite, and quartz (Anjos et al. 2010) . Green claystones are nontronite-rich but also contain lizardite, talc, and quartz, suggesting that sediment sources included altered basic-ultrabasic rocks (Anjos et al. 2010) . In Southern Brazil, two distinct oil-rich beds have an average thickness of 8 m (the lower bed) and 4 m (the upper one). These organic-rich layers contain 20-30% organic material and yield 2-12% recoverable oil on destructive distillation (Correa da Silva and Cornford 1985) . The Irati shales are immature (lignite/sub-bituminous rank), oil-rich (100-114 kg/ton), and contain kerogen of a dominantly bacterially degraded algal origin (Correa da Silva and Cornford, 1985) .
The Irati Formation has been regarded as deposited in an anoxic, epicontinental sea by most workers (e.g. Lavina et al. 1991 , Triguis et al. 1996 , but there has been substantial debate about the salinity of the water and the presence of stratification in the water column. Some authors consider that the Irati Formation could represent a coastal succession formed in a lagoon or gulf with variable salinity (Araújo 2001) . Sedimentological and paleontological data obtained previously have been insufficient to resolve the depositional setting in which these rocks were formed (e.g. Correa da Cornford 1985, Mello et al. 1993) .
Four cores drilled by the Brazilian Geological Survey in southern Paraná Basin were sampled (Fig. 1b) . Three of them (CA-53, CA-79, and CA-87) were sampled at coarse intervals (5-10 m) throughout the extent of the Irati Formation, and a fourth core (HV-44), with greater TOC content, was sampled at a much finer scale, in some portions every 40 centimeters. Based on the TOC content, 21 samples from HV-44 were selected to represent both the background sedimentation and the two organic-rich layers. Strata adjacent to diabase sills or portions that might have been affected by hydrothermal activity (i.e. crosscut by carbonate veins) were avoided during sampling. Samples that had carbonate content greater than 50% were not analyzed.
Redox-sensitive element analysis
Redox-sensitive elements were determined at the University of Chicago by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Rock chips (1-3 g) were ultrasonically cleaned with 18 MΩ deionized water and hand ground in an alumina mortar. Further sample preparation was carried out in a Class 100 laboratory supplied with HEPA-filtered air. Sample preparations were performed in Class 100 laminar flow acid exhaust hoods using Seastar™ double-distilled acids and 18.3 MΩ deionized water. Approximately 200 mg powder was weighed into acid-washed 15 ml Savillex™ teflon PFA digestion vessels with 3 ml of HF and 2 ml of HCl, closed and heated on a hot plate at 160°C for 12 hours. The vessels were then opened and evaporated to dryness. The solid residue was taken up in 2 ml of perchloric acid (HClO 4 ) and fumed to remove silicon. After the perchloric acid drydowns, the solids were dissolved in 6 ml of 8N HNO 3 , closed and heated on a hot plate for 12 hours. The solutions were then diluted, centrifuged to remove any residue, and transferred to acid-washed Nalgene™ 125 ml LDPE bottles. Any residual material (mainly alkali perchlorate) was dissolved with 6N HCl or 8N HNO 3 by heating for 12 hours. The solutions were subsequently diluted with 2% HNO 3 for analysis by ICP-MS. Procedural blanks were negligible (<<1%) for the elements analyzed.
Elemental abundances were determined using a Finnigan Element™ high-resolution, magnetic sector ICP-MS, operating in low (R = 340) and medium mass resolution (R = 4300) modes. During the course of the measurements, instrumental sensitivity at 115 In~ was 1 -2 million cps/ppb in low resolution, and about a factor of 10 lower at medium resolution. The peaks determined in low resolution were 51 V, 53 Cr, 59 Co, Mn, and 56 Fe, the latter four elements being seriously affected by molecular interferences. External standardization with 2% HNO 3 solutions containing known concentrations of the measured elements, prepared by dilution from Spex™ monoelement solutions, was used. The sample solutions were sufficiently dilute that samples and standards were considered to be matrix matched.
Two USGS standards (Marine Sediment MAG-1 and Cody Shale SCo-1) were prepared and analyzed in order to estimate the accuracy of these measurements. For all the major elements, the concentrations obtained were within the variation range reported by the USGS (Table 1) . For the trace elements, the measured concentrations were within 10% of the values reported for the USGS standards, except for Mo and U ( Table 2 ). The concentrations of these elements were consistently higher by a factor of two (U) to three (Mo) than the ones reported by the USGS. The reasons for these discrepancies are not known.
Total organic carbon, sulfur, and C isotopes TOC and sulfur content were measured at the Biogeochemistry Laboratory, at Indiana University. Rock chips (1 -3 g) were ground by hand in agate mortars. For TOC analysis, approximately 250 mg sample was weighed into beakers, to which 20 ml of 1N HCl were added, then heated on a hot plate at 90 °C for 12 hours to dissolve carbonates. The samples were then filtered and the solid residue was transferred to crucibles, dried in an oven at 65°C for 12 hours. The dry samples were subsequently analyzed by a LECO C/S Determinator, CS-244. For S analysis, approximately 250 mg of untreated sample was weighed directly into a crucible and analyzed by the LECO Determinator.
Pyrite Fe was calculated based on pyrite stoichiometry [Fe py = S py x (At.wt.Fe/2xAt.wt.S)]. Pyrite S (S py = S total -S org ) was calculated from the relation between TOC and organic S, where S org = 0.2 x TOC (Bein et al. 1990) .
Nine samples were analyzed for δ 13 C in kerogen. Approximately 2 g of sample powder was weighed into pyrex vial, and bitumen was extracted with methylene chloride. After the liquid fraction was pipetted out, the sediment was air-dried for 12 hours, and subsequently digested by the HF-BF 3 demineralizing procedure of Robl and Davis (1993) . Between 2 and 5 mg of treated sample was weighed into quartz tubes and cupric oxide was added as an oxidant. The tubes were sealed and heated in an oven at 800°C for 12 hours. The carbon dioxide produced was purified by distillation in a vacuum line and subsequently analyzed for carbon isotopes with a Finnigan MAT 252 mass spectrometer.
RESULTS
Geochemical data measured and calculated ratios for 43 samples of the Irati Formation are given in Table 1 (major elements, carbon isotopes, TOC and sulfur content, degree of pyritization, and Fe T /Al ratio) and ] ratios). The elemental concentrations for individual cores indicate a positive correlation between Ti and Al, Cr and V (Fig. 3) , implying that these elements were derived from detrital sources, and that V and Cr were not measurably enhanced by reduction from the water column. In the cores CA-53, CA-79, and CA-87, there is a positive correlation between Ca, Mg, and Mn, which exhibit an inverse correlation with elements characteristic of the detrital fraction (Fig. 3) , indicating that these are present in the carbonate fraction.
The use of trace element concentrations to reconstruct paleoenvironmental conditions requires an assessment of the degree of enrichment or depletion of a trace element in a sample relative to its concentration in a reference (Tribovillard et al. 2006) . We have calculated the enrichment factors (EF) for the analyzed trace elements using the average shale as reference (Wedepohl 1971 (Wedepohl , 1991 Figure 4 . In all the cores, most trace elements are equal to or depleted in relation to the average shale, except for U and Mo, which are enriched in all the samples. U shows enrichment typically two to three times the average shale, reaching a maximum of five times the average shale in the lower organic-rich bed in core HV-44 (Fig. 4) . Mo shows enrichment factors typically between four to five times the average shale, but in the organic-rich beds in core HV-44 Mo enrichment factor varies from six to 29 times the average shale (Fig. 4) . The lower and upper organic-rich beds in HV-44 are clearly marked by the enrichment in U and Mo, which suggest fully anoxic conditions during the deposition of these layers.
To further investigate the relation between Mo enrichment and the presence of anoxic-sulfidic conditions, we compared Mo and TOC concentrations and Mo/TOC ratios in the Irati Formation with those in modern anoxic marine environments studied by Algeo and Lyons (2006) . These authors observed that Mo burial fluxes peak in weakly sulfidic environments such as Saanich Inlet, and are lower in strongly sulfidic environments such as the Black Sea and Framvaren Fjord .
The Mo-TOC plot for the Irati Formation shows that most samples have very low Mo and TOC concentrations in comparison with modern anoxic marine environments (Fig. 5) . The most organic-rich samples from core HV-44 scattered along a regression line with very low slope, even lower than that of sediments from the Black Sea (Fig. 5) . This indicates that the depositional environment of the Irati shales was limited in Mo but not in organic carbon, implying a strongly anoxic water column.
Mo/TOC ratios are useful for distinguishing degrees of restriction in anoxic marine environments The Mo/TOC ratios calculated for the analyzed samples show that all but three of them (one from CA-87 and two others from CA-79) are lower than 15 (Fig. 6) , suggesting that the Irati shales were deposited under strongly restricted, sulfidic conditions. The positive co-variation between Mo and TOC (especially in HV-44 samples) implies that most Mo resides in the organic matter . The use of Cu concentration and Cu/Mo ratios may shed light on whether the reducing conditions (and consequently enrichment in redox-sensitive elements) were triggered by restricted watermass renewal or stagnation, or by increased organic flux (i.e. increased paleoproductivity). In the presence of a high organic flux, Ni and Cu are typically enriched in the sediments, but not Mo (Tribovillard et al. 2006) . Under strongly anoxic, sulfidic conditions, Cu, U, and V, plus Mo in the case of euxinic conditions, are enriched in the sediments (Tribovillard et al. 2006) . The plot between Cu concentration and Cu/Mo ratio in the samples from the Irati Formation display a positive co-variation (Fig. 7) , suggesting that the enrichments in these redox-sensitive elements were due to increased organic flux rather than prior bottom-water anoxia, since the Mo concentration is approximately constant.
TOC, S, and Fe contents were used to calculate the degree of pyritization (DOP T ) and Fe T /Al ratio Maynard 2008, Lyons and Severmann 2006) (Table 1 ( Fig. 8) , which suggests deposition under aerobic conditions (Algeo and Maynard 2008) . These samples have low TOC contents (Fig. 9) . One sample from CA-87 and most samples from HV-44 display DOP T between 0.3 and 0.6, compatible with a restricted environment. The intermediate DOP T could be due to reducing conditions in pore waters beneath oxygenated bottom waters, or euxinic deposition at sites with high sedimentation rates (Lyons and Severmann 2006) . As sedimentation rates were low during the deposition of the Irati Formation, the intermediate DOP T values are probably indicative of pore-water anoxia beneath oxygenated bottom waters. Three samples from core HV-44 have DOP T less than 0.3, and the samples collected in the lower, organic-rich bed in this core display DOP T greater than 0.6, suggesting that during the deposition of this bed the conditions were inhospitable (Algeo and Maynard 2008) .
For higher TOC contents samples from the core HV-44, the observation that the DOP T is approximately constant (0.5 -0.7) over varying amounts of organic matter (Fig. 9) points to an iron-limited environment (Raiswell and Berner 1985) , suggesting that the main sulfur sink is organic matter rather than pyrite (Bein el al. 1990 ). Under these circumstances, there is a good correlation between Fe and S content, as in the case displayed in figure 10 . The fact that all the data from HV-44 plot along a line with slope greater than the pyrite line in the Fe-S diagram (Fig. 10 ) is yet another evidence of Fe limitation.
Fe T /Al ratios for the Irati Formation are variable in the samples from the different cores studied (Fig. 11) . Most samples from the core CA-53 have Fe T /Al between 0.4 and 0.5, with only one sample greater than 0.5, suggesting dominantly suboxic conditions Severmann 2006, Algeo and Maynard 2008) . Fe T /Al ratios from the core CA-79 are highly variable, with most samples displaying ratios less than 0.4 and some equal to or greater than 0.5, attesting varying degree of oxygenation. All the samples in the core CA-87 display Fe T /Al greater than 0.4, indicating suboxic to anoxic conditions Severmann 2006, Algeo and Maynard 2008) . In HV-44, Fe T /Al ratios in almost all the samples are greater than 0.5, some between 0.4 and 0.5, and only one sample displays Fe T /Al less than 0.4, thus indicating suboxic to anoxic conditions Severmann 2006, Algeo and Maynard 2008) , especially in samples from the two organic-rich beds, which display very high Fe T /Al (Fig. 11) . It is clear from the results reported above that the black shales in the Permian Irati Formation are far from homogeneous. The data suggest that most of the thickness of the Irati Formation is actually composed of rocks with less than 1% organic carbon, representing the normal, background sedimentation in the basin. The oil shales are restricted to 
Paleoenvironmental reconstruction of the Irati Formation
Based on the paleoredox proxies applied to the black shales of the Permian Irati Formation (redox-sensitive elements, DOP T and Fe T /Al), we interpret that, during the accumulation of these sediments, the redox boundary was usually located at the sediment-water interface. Trace element enrichment factors suggest that the Irati shales were similar to the average shale, except during the deposition of the two organic-rich beds in the core HV-44, which show great enrichments in U and Mo, thus suggesting that fully anoxic conditions developed during the deposition of these layers. Likewise, the relation between Mo and TOC suggests that bottom waters were anoxic, sulfidic at times, but not permanently anoxic, and that most Mo resides in the organic matter (Lyons and Severmann 2006) . Samples in the lower organic-rich bed in HV-44 have high DOP T and very high Fe T /Al, suggesting inhospitable, anoxic conditions during the depositions of these sediments Severmann 2006, Algeo and Maynard 2008) .
The intermittent anoxic conditions in the Irati Formation are also attested by sedimentological indicators of episodic ventilation (probably due to storm activity), such as the presence of interbedded calcarenites with hummocky cross-stratification, silty laminae with small ripples (formed by the migration of small bedforms), and bioclastic lag laminae (indicative of erosion) (Della Fávera 1987 , Hachiro 1992 , Lavina et al. 1991 , Araújo et al. 2004 . These characteristics are similar to what was reported for the Posidonia Shale Formation (Early Toarcian) (TrabuchoAlexandre et al. 2012) .
The constant DOP T over varying amounts of organic matter and the positive correlation between Fe and S points to an iron-limited environment (Raiswell and Berner 1985) , where the main sulfur sink is organic matter rather than pyrite (Bein et al. 1990) .
The results reported above suggest that most of the thickness of the Irati Formation is actually composed of rocks with less than 1% organic carbon, representing the normal background sedimentation in the basin, with the oil shales restricted to two main horizons (sampled only in core HV-44). DOP T and Fe T /Al, the most reliable indicators of euxinia (Lyons and Severmann 2006) , show that euxinic conditions were reached only at times during the deposition of the Irati Formation, and they were responsible for the formation of the intervals richest in organic matter.
The positive correlation between Cu and Cu/Mo ratio suggests that bottom-water anoxia was driven by increased organic flux. The hypothesis that primary productivity blooms led to the accumulation of the Irati organic-rich muds is supported by evidence provided by Araújo (2001) . This evidence includes: 1. the overwhelming predominance of amorphous organic matter in the organic-rich horizons (constituting ~92% of the organic matter) as opposed to its contribution in organic-poor rocks (about 2% of the organic matter). Amorphous organic matter is believed to be algal in origin, and thus its disproportionate contribution in the organic-rich beds is taken as an indication of algal blooms. The occurrence of algal blooms is supported by the more positive δ 13 C values of TOC, increased from -27‰ to between -25 and -22 ‰ in the organic-rich beds (Araújo 2001) . Amorphous organic matter is also a very labile component, easily degraded by aerobes, and together with the high hydrogen index of the organic matter (> 500 mg HC/g TOC) in the organic-rich sediments, points to a higher degree of preservation; 2. the increase in the biomarkers pristane and phytane in the organic-rich shales, which implies a better preservation of chlorophyll, the precursor of both isoprenoids (Araújo 2001) . This suggests that high organic carbon rain overwhelmed the capacity of heterotrophic organisms to consume labile organic carbon, which then was preserved in the sediments under conditions of bottom-water anoxia (Araújo 2001 ); 3. the change in the sedimentary fabric, from bioturbated to laminated, that characterizes the organic-rich beds also attests to bottom-water anoxia (Mello et al. 1993 , Araújo et al. 2004 . The increase in bottom-water anoxia or the stratification of the water column during the deposition of the organic-rich layers is supported by a number of biomarkers. For example, the increase in pentametileicosane (i-C 25 ), squalane (i-C 30 ), gammacerane and in the C 30 moretane/C 30 hopane ratio, as well as the decrease in the pristane/phytane ratio (Araújo 2001) .
Even though there seems to be strong evidence to support the idea that an increase in primary productivity led to bottom-water anoxia and the accumulation of the organic-rich sediments of the Irati Formation, the cause of the productivity bloom is still open. In the case of the Paraná Basin, it is rather unlikely that upwelling played a role in the accumulation of the black shales. The paleogeographic setting of this basin during the Permian was not favorable for coastal upwelling, as during wintertime a low-pressure center would sit over the sea and the winds would push the currents onshore. Basincentered upwelling, on the other hand, is a likely possibility. However, other than the deposition of organic muds, there are no sedimentological indicators of ancient upwelling zones, such as phosphorite deposits and bedded biogenic cherts (Parrish et al. 1983 , Parrish 1995 . Indeed, a high continental runoff in the Paraná Basin would be a more likely explanation, since during the time of deposition of the Irati Formation the main part of this basin was situated in the mid-latitude humid zone, subject to high precipitation rates.
The Irati Formation was probably deposited in a salinity-stratified body of water, with a positive water balance. The fact that the organic matter in the Irati Formation has a terrestrial component also compares favorably with the scenario described above, the terrestrial constituents being brought in by rivers flowing to the landlocked sea where these sediments were deposited. Stratification is also consistent with data from the fossil and rock record, which includes apparently paradoxical salinity indicators. Fresh water indicators include the crustacean Clarkecaris (Mussa et al. 1980) , the algae Botryococcus (Cazzulo-Klepzig et al. 1989) , and the fish Xenacanthus pricei (Richter 1985) . Marine conditions are indicated by the presence of glauconite pellets (Hachiro et al. 1993, Santos Neto and Cerqueira 1993) , commonly associated with polyaxionic sponge spicules (Amaral 1971) , the occurrence of the crustacean Paulocaris (Mussa et al. 1980) , brachiopods, the ostracode Bairdia sp., foraminifers (Campanha 1985) , and acritarchs (Cazzulo-Klepzig et al. 1989) . The impoverished fauna is composed of organisms that tolerate low or variable salinity (e.g. Lingula sp. and Paulocaris), suggesting either brackish waters or large salinity fluctuations. Mesosaurids, the swimming reptiles ubiquitous to the Irati and White Hill Formations, did not tolerate severely saline environments (Oelofsen and Araújo 1983) . In stratified bodies of water, the vertebrate fauna would probably inhabit the top, relatively fresh water layer (Oelofsen 1987, Oelofsen and Araújo 1983) .
CONCLUSIONS
The geochemical paleoredox indicators in the Irati black shales suggest that: The most organic-rich beds in the core HV-44 show great enrichments in U and Mo, indicating that they were deposited under euxinic conditions, in an inhospitable environment; 3. the intermittent anoxic conditions in the Irati Formation are also attested by sedimentological indicators of episodic ventilation, including the presence of interbedded calcarenites with hummocky cross-stratification, silty laminae with small ripples, and bioclastic lag laminae; 4. the Irati Formation was deposited in a salinity-stratified body of water, with a positive water balance predominantly dysoxic to oxic conditions, with episodic, temporary anoxia in the bottom waters. The positive correlation between Cu and Cu/Mo ratio suggests that bottom-water anoxia was driven by increased organic flux (algal blooms). The algal blooms are suggested by the overwhelming predominance of amorphous organic matter, the increase in the biomarkers pristane and phytane, and the change in sedimentary fabric (from bioturbated to laminated) in the organic-rich horizons (Araújo 2001) ; 5. the main control on the accumulation of the organic-rich rocks of the Irati Formation was increased delivery of organic matter to the sediment as a consequence of high primary production in the water column, probably driven by riverine nutrient input. Anoxia thus probably arose as a consequence of increased productivity, not as the primary driver in the formation of these organic-rich rocks.
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